Abstract-The analysis of clouds in the earth's atmosphere is important for a variety of applications, viz. weather reporting, climate forecasting, and solar energy generation. In this paper, we focus our attention on the impact of cloud on the total solar irradiance reaching the earth's surface. We use weather station to record the total solar irradiance. Moreover, we employ collocated ground-based sky camera to automatically compute the instantaneous cloud coverage. We analyze the relationship between measured solar irradiance and computed cloud coverage value, and conclude that higher cloud coverage greatly impacts the total solar irradiance. Such studies will immensely help in solar energy generation and forecasting.
I. INTRODUCTION
Cloud analysis is traditionally performed primarily via satellite images. However, because of low temporal and spatial resolution of these images, and localized weather phenomenon, such cloud analysis are now performed using ground-based sky cameras and human observations. Clouds affect the incoming solar irradiance, and it is one of the important factors in the intermittency and variability of obtained solar radiation. Luo et al. in [1] used the solar radiation observations to estimate total cloud cover obtained from human observations. Recently, Nikitidou et al. also studied the effect of clouds on solar radiation using an all-sky cameras [2] . In this paper, we investigate the impact of cloud coverage on the variation of received solar radiation obtained on the earth's surface. This will greatly help in solar energy generation and photovoltaics planning and installation.
II. CLEAR SKY MODEL AND METHODOLOGY

A. Clear Sky Model
The solar radiation recorded on the earth's surface on a clear-sky day follows a cosine response with respect to the time of the day. In the literature, there are several clear-sky models that estimates the total solar irradiance at a particular location. For Singapore, the best performing model is proposed by Yang et al. [3] . It estimates the clear-sky Global Horizontal Irradiance (GHI), measured in W/m 2 as:
In Eq. 1, I sc is a solar irradiance constant (1366.1 W/m 2 ), θ z is the solar zenith angle (in degrees). The term E 0 is a correction factor that is given by: ,where Γ = 2π(d n − 1)/365 is the day angle (in radians), and d n is the day number in a year.
B. Cloud Radiative Effect
The Cloud Radiative Effect (CRE) is defined as the difference between the measured-and clear-sky solar irradiance. The measured solar radiation values are obtained from the weather station located at the rooftop of Nanyang Technological university building (1.3455 • N 103.6797
• E). Larger CRE leading to a decrease in the amount of generated solar energy indicates the presence of occluding clouds. Figure 1 shows the measured-and clear-sky solar irradiance on 02-Mar-2016. We calculate the deviation of the measured solar radiation from the clear sky model, and use it for our subsequent analysis. 
C. Computation of Cloud Coverage
In most cases, the cloud coverage is reported manually through human observations. It is calculated in terms of oktas 1 , and is reported in the regular meteorological reports. However, we use ground-based sky cameras for automatic cloud coverage computation. The images obtained from our collocated sky camera [4] are generally distorted owing to the wide-angle lens. Therefore, we undistort the captured image using its camera calibration function. Post undistortion, we use the ratio of (B −R)/(B +R) for detecting cloud pixels, where B and R are the blue and red color channels respectively of the undistorted image. We perform clustering on this ratio image to generate the binary map [5] , as shown in Fig. 3 . Finally, we calculate the cloud coverage percentage as the percentage of cloud pixels in the generated binary map. 
III. RELATION BETWEEN CLOUD COVERAGE AND RADIATIVE EFFECT
In this section, we will statistically analyze the correlation between the cloud coverage and its corresponding CRE value. We calculate the CRE values as described in Section II-B, and the corresponding cloud coverage percentages from the sky camera images. We perform our experiments 2 by considering all the days in the month of March 2016, and selecting the images from the time period 08:00 AM to 06:00 PM. We consider a total of 6365 images for our analysis. Figure 2 shows the boxplot between cloud coverage and the corrsponding CRE values. From the results, we can clearly observe the general trend of CRE as compared to cloud coverage. We observe that the magnitude of median CRE value gradually increases with increasing cloud coverage. This explains that, in the instant of overcast sky conditions, there is a huge reduction in the obtained solar radiation as compared to the clear-sky solar radiation. Similarly, the CRE is less for low cloud coverage scenarios.
The variation observed in the individual boxplot is the effect of the time of a day. When similar cloud coverage is present at two different times of the day, the difference between observed solar radiation and clear sky values will vary accordingly. It will be high during mid-day as compared to the morningand evening-hours. This is because the clear sky model has a cosine response with respect to time of the day. We also note that there is a high CRE value for the first box of the boxplot (constitutes only 0.1% of the entire data); this is owing to possible mis-classifications in cloud detection of the undistorted images.
IV. CONCLUSION In this paper, the relationship between cloud coverage and the cloud radiative effect is investigated. We obtain the cloud coverage percentage automatically from the ground-based sky camera. The CRE values are calculated from the measured solar radiation and clear-sky model. Extensive results show that higher cloud coverage leads to larger cloud radiative effect. Future works involve modeling this relationship, by considering more statistical data into consideration, and by studying the effect of seasonal-and time-of-day variations.
